Methods: U87/MG cells were transfected with the enhanced firefly luciferase (effluc) and thy1.1 genes; thy1.1-positive cells were selected using microbeads. U87/MG/F cells were assessed by reverse transcription polymerase chain reaction (RT-PCR), western blotting, and luciferase-activity assays. NK-Exo were isolated by ultracentrifugation, purified by density gradient centrifugation, and characterized by transmission electron microscopy, dynamic light scattering (DLS), nanoparticle-tracking analysis (NTA), and western blotting. Cytokine levels in NK-Exo were compared to those in NK cells and NK-cell medium by performing an enzyme-linked immunosorbent assay (ELISA). NK-Exo-induced apoptosis of cancer cells was confirmed by flow cytometry and western blotting. In vivo therapeutic effects and specificity of NK-Exo against glioblastoma were assessed in a xenograft mouse model by fluorescence imaging. Xenograft mice were treated with NK-Exo, which was administered seven times through the tail vein. Tumor growth was monitored by bioluminescence imaging (BLI), and tumor volume was measured by ultrasound imaging. The mice were intraperitoneally injected with dextran sulfate 2 h before NK-Exo injection to decrease the liver uptake and increase the tumor specificity of NK-Exo.
results: RT-PCR and western blotting confirmed the gene and protein expression of effluc in U87/MG/F cells, with the bioluminescence activity of U87/MG/F cells increasing with an increase in cell number. NTA and DLS results indicated that the size of NK-Exo was ~100 nm, and the western blot results confirmed that NK-Exo expressed exosome markers CD63 and Alix. We confirmed the in vitro cytotoxic effects of NK-Exo on U87/ inTrODUcTiOn Glioblastoma is a highly aggressive primary brain tumor, with ~210,000 new cases diagnosed annually worldwide (1) . Outcomes for patients with glioblastoma remain poor after multimodal therapy, which includes surgical resection, radiotherapy, and chemotherapy. Moreover, the highly infiltrative nature of glioblastoma increases the rate of tumor recurrence after conventional treatment (2, 3) . Immunotherapy offers a mechanistic approach that differs from conventional treatments. Moreover, immunotherapy has been successfully used to treat other cancers, indicating its potential for treating glioblastoma (4) (5) (6) (7) . Natural killer (NK) cells were discovered >40 years ago and have been found to control microbial infections and tumor progression, with >50 clinical trials assessing NK cells as of March 2017 (http://clinicaltrials.gov). NK cells mediate the cytotoxicity of target cells independently of any previous activation (5, (8) (9) (10) ; however, effective immunotherapy of glioblastoma is associated with several limitations, including the tightly regulated interface between the bloodstream and central nervous system, an immune-privileged site, and evasion of immune surveillance because of the blood-brain barrier (BBB) (8, 9) . Exosomes have recently gained attention because of their role in onco-immunology, as they represent nanovesicles capable of encompassing several molecules and enabling delivery of their contents to target cells (10, 11) .
Exosomes are nanovesicles released by nearly all cells in the body to deliver several molecules, including proteins, lipids, and nucleic acids, to target cells (12) (13) (14) . Exosomes are non-viable and can be engineered to incorporate therapeutic mRNAs, short-interfering RNAs, and chemotherapeutic molecules, thus making them good candidates for cancer treatment (11, (15) (16) (17) . Exosomes contain variable proteins depending on their parent cells. For example, exosomes from tumor cells contain tumor antigens, platelet-derived exosomes contain coagulation factors, and exosomes from dendritic cells express toll-like-receptor ligands (18, 19) . The biological functions of exosomes also differ depending on the physiological conditions and cells from which they originate. However, exosomes share certain characteristic protein compositions, such as expression and display of CD9, CD63, and CD8, and proteins involved in endocytosis and cargo sorting, such as flotillin and tumor-susceptibility gene 101 protein (18, (20) (21) (22) (23) . The use of exosomes in cancer treatment has been explored, with a previous study showing that mesenchymal stem cell (MSC)-derived exosomes exert antitumor effects by inhibiting mitogen-activated protein (MAP) kinase pathways (24) . Moreover, exosomes derived from microRNA (miR)-146b-expressing MSCs significantly reduced glioblastoma growth in a rat model of primary brain tumor (25) . Exosomes derived from dendritic cells show strong immune activation and have been used to treat tumors in the preclinical stage (e.g., NCT01159288) (26, 27) . Because of their size, exosomes can be exploited to carry cargo across the BBB (10, (28) (29) (30) . For example, macrophage-derived exosomes loaded with catalase protect mice from oxidative stress and inhibit neurodegeneration in vivo (11) . A previous study showed that NK cells release exosomes under both resting and activated conditions (31, 32) . We previously found that NK-cell-derived exosomes express killer proteins [i.e., Fas ligand (FasL) and perforin] and inhibit cancer growth in a xenograft animal model (22) . These findings demonstrate that, in contrast to other lymphocytes, NK cells secrete exosomes in a constitutive manner independently of their activation status. This suggests that NK-cell-derived exosomes exhibit effective immunological functions even in the absence of specific stimuli (32) .
A previous study showed that intratumoral injection of NK-cell-derived exosomes (NK-Exo) exerts excellent therapeutic effects by inhibiting cancer growth in a xenograft animal model (22) . However, exosomes should be administered intravascularly and not intratumorally for treating systemic cancers. Moreover, the specificity of intravenously administered NK-Exo is critical for managing disseminated cancers. In this study, we isolated exosomes from NK-cell culture medium by ultracentrifugation and density gradient ultracentrifugation, followed by confirmation of the antitumor effect of NK-Exo and underlying mechanisms, using bioluminescence imaging (BLI), fluorescence-activated cell sorting (FACS), and western blotting. Additionally, the in vivo and ex vivo tumor specificity and immunotherapeutic effects of NK-Exo were confirmed using a xenograft mouse model of glioblastoma. We observed that the biodistribution of NK-Exo after repeated intravenous injections did not induce body weight loss or hepatic injury in the xenograft mouse model.
MaTerials anD MeThODs cell lines
The human glioblastoma cell line U87/MG and human NK cell line NK92-MI were obtained from American Type Culture MG/F cells by performing BLI, and the killing effect on U87/MG and U87MG/F cells was measured by CCK-8 and MTT assays (p < 0.001). ELISA results indicated that NK-Exo contained tumor necrosis factor-α and granzyme B. In vivo NK-Exo treatment inhibited tumor growth compared to in control mice (p < 0.001), and pretreatment of xenograft mice with dextran sulfate 2 h before NK-Exo treatment increased the antitumor effect of NK-Exo (p < 0.01) compared to in control and NK-Exo-alone-treated mice.
conclusion: NK-Exo targeted and exerted antitumor effects on glioblastoma cells both in vitro and in vivo, suggesting their utility in treating incurable glioblastoma. 
exosome isolation
Natural killer-92MI cells were cultured in 75-cm 3 flasks containing fresh culture medium for 3-4 days, and then, the medium was collected and used as conditioned medium. The conditioned medium was centrifuged at 1,500 × g for 3 min, 2,000 × g for 15 min, and 3,000 × g for 20 min at 4°C to remove the cells and debris. The supernatant was filtered through a 0.22-µm filter to remove large particles and then centrifuged at 100,000 × g for 1 h to obtain the NK-Exo pellet. The pellet containing NK-Exo was diluted with phosphate-buffered saline (PBS) and centrifuged at 100,000 × g (33) . NK-Exo were purified by density gradient ultracentrifugation. The pellet obtained was resuspended in PBS, stored at −80°C, and used within 1 month. All ultracentrifugation steps were performed at 4°C in an Optima L-100 XP ultracentrifuge (Beckman Coulter, Brea, CA, USA). Protein content in NK-Exo was determined using the BCA protein assay kit (Pierce, Rockford, IL, USA).
Transmission electron Microscopy (TeM)
Transmission electron microscopy was performed to identify the purified exosomes. Exosome pellets were suspended in 50 µL 2% paraformaldehyde, and the resultant exosome suspension was covered with Formvar-carbon-coated EM grids to promote the absorption of exosomes onto membranes over 20 min in a dry environment at room temperature. The grids were then placed directly on a drop of 1% glutaraldehyde and incubated for 5 min to remove the negative background. The grids were washed seven times with distilled water for 2 min each and examined using an HT 7700 transmission electron microscope (Hitachi, Tokyo, Japan) operated at 100 kV.
Dynamic light scattering (Dls) and nanoparticle Tracking analysis (nTa)
Dynamic light scattering was performed using a zeta-potential and particle-size analyzer (ELSZ-2000; Otsuka Electronics Co., Ltd., Osaka, Japan). The size, distribution, and number of particles in the exosomal formulations were determined by NTA using a 0.01 mg/mL NK-Exo formulation that was prepared and evaluated using a NanoSight LM10 instrument (Malvern Instruments, Malvern, UK) equipped with NTA 3.0 analytical software (Malvern Instruments). All experiments were performed at 1:1,000 dilution, which provided particle concentrations of ~6 × 10 7 /mL. Each experiment was performed in triplicate.
Western Blot analysis
Natural killer-Exo were treated with radioimmunoprecipitation assay buffer and vortexed three times for 10 min each to promote lysis. The lysates were centrifuged at 13,200 × g for 20 min and the supernatant was collected. Proteins (50 µg) present in the supernatant were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis, followed by transfer to polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). After blocking, the membranes were incubated overnight at 4°C with primary antibodies against CD63, Alix, GM130, calnexin, perforin, and FasL (Abcam, Cambridge, UK). The membranes were washed three times for 10 min each in washing buffer (Tris-buffered saline and Tween 20) with shaking and then incubated with secondary antibodies for 1 h at room temperature. The membranes were washed again for 10 min three times, and the bands obtained were visualized using an enhanced chemiluminescence detection kit (Amersham plc, Amersham, UK).
cytotoxicity assay
Natural killer-Exo cytotoxicity toward glioblastoma cells was determined by BLI using the Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, Tokyo, Japan) and 3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide (MTT) assay (Generay Biotech Co., Ltd., Shanghai, China). U87/MG/F cells cultured in serum-free medium containing different concentrations (5 and 20 µg) of NK-Exo in 96-well plates for different durations (6, 12 , and 24 h) were used for BLI. For the CCK-8 assay, U87/MG/F and U87/MG cells were incubated with diff erent concentrations of NK-Exo in 96-well plates for 24 h, followed by addition of 10 µL CCK-8 solution to each well and incubation of the plates for 2 h in a humidified incubator. Absorbance was measured at 450 nm using a microplate reader. For the MTT assay, U87/MG/F and U87/MG cells were treated with NK-Exo for 24 h, and 100 µL of serum-free medium and 0.5 mg/mL MTT solution were added to each well. After 2-h incubation, the medium was removed and 100 µL dimethyl sulfoxide was added, followed by absorption measurement at 550 nm.
cell-Uptake assay
Cell-uptake of NK-Exo was assessed using a modified chemical protocol (34) . The NK-Exo suspension was incubated with a
Invitrogen, Carlsbad, CA, USA)]for 20 min at room temperature. NK-Exo were washed three times with PBS and centrifuged at 100,000 × g for 1 h. The obtained supernatant was removed, and exosomes in the pellet were resuspended in PBS. Next, 20 µg DiD-labeled NK-Exo were incubated with U87/MG/F cells for 1 and 3 h at 37°C. After incubation, chamber wells were washed five times with PBS and then cells were fixed with 4% paraformaldehyde for 20 min. The samples were covered with Vectashield mounting medium containing 4′,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA), washed five times with PBS, and examined using a confocal laser microscope (LSM 800 with Airyscan; Zeiss, Jena, Germany).
Quantification of apoptosis
Natural killer-Exo cytotoxicity against glioblastoma cells was determined by performing annexin V-FITC/propidium iodide (PI) double staining with an annexin V-FITC kit (BD Biosciences, Franklin Lakes, NJ, USA) as described previously (22) . U87/ MG/F cells were incubated with 20 µg NK-Exo for 24 h, harvested, washed, centrifuged, and resuspended in binding buffer to achieve a concentration of 1 × 10 6 cells/mL. After adding annexin V and PI dye, the cells were gently mixed and incubated in the dark for 15 min at room temperature. Binding buffer (400 µL) was added to each tube and flow cytometry was performed using the FACSCalibur system (BD Biosciences).
Western blot analysis was performed to confirm NK-Exoinduced apoptosis of cancer cells. This was conducted by measuring the levels of apoptotic pathway marker proteins, caspase-3, cleaved caspase-3, and cleaved polyADP ribose polymerase (PARP), as well as cell-proliferation pathway proteins, phosphorylated (p)-AKT, and p-extracellular signal-regulated kinase (ERK), using specific antibodies (Cell Signaling Technology, Danvers, MA, USA). Moreover, the levels of phosphatase and tensin homolog (PTEN), a key tumor suppressor in the phosphatidylinositol-3 kinase (PI3K)/AKT pathway (35, 36) , and p38, which is involved in the MAP kinase pathway (24, 37, 38) , were detected in NK-Exo-treated cancer cells. Both PTEN and p38 increase the levels of reactive oxygen species and activate the caspase-3 pathway (24, 27, 38) . Intensities of protein bands were visualized and analyzed using ImageLab software (v3.0; Bio-Rad, Hercules, CA, USA).
enzyme-linked immunosorbent assay (elisa)
Cytokines present in NK-Exo were determined by ELISA, using 1 × 10 6 NK cells seeded in a flask containing serum-free medium for 72 h. The medium was collected into a centrifuge tube and centrifuged at 1,500 × g and 4°C for 10 min. NK cells and NK-Exo were then added to 0.5 mL radioimmunoprecipitation assay buffer, incubated on ice, and centrifuged at 13,000 × g and 4°C for 10 min. Granzyme B and tumor necrosis factor (TNF)-α levels in NK cells, NK-Exo, and NK-cell medium were determined using the respective ELISA kits (eBioscience, San Diego, CA, USA).
animal experiments
In vivo analysis was performed using specific pathogen-free, 6-week-old, female BALB/c nude mice (Hamamatsu, Shizuoka, Japan). All animal experiments were performed in accordance with the National Institutes of Health guidelines for the care and use of laboratory animals (National Institutes of Health, Bethesda, MD, USA), and the protocols were approved by the Committee for Handling and Use of Animals of Kyungpook National University (Daegu, South Korea).
Biodistribution and Tumor specificity of nK-exo in the Mouse Model
Natural killer-Exo were labeled with DiD and fluorescence lifetime imaging (FLI) of NK-Exo was performed using an in vivo imaging system. For this, 5 × 10 6 U87/MG/F cells were subcutaneously injected into mice, which were randomly divided into three groups after 42 days. The mice were then intraperitoneally injected with dextran sulfate. Both untreated and mice pretreated with dextran sulfate received intravenous injections of 100 µg fresh DiD-labeled NK-Exo after 2 h and were subjected to FLI at different time points. Background autofluorescence was eliminated using imaging controls from mice that were not injected with NK-Exo. The organs and tumors of mice were harvested, ex vivo FLI was performed, and the images obtained were quantified using software. To confirm the ability of NK-Exo to cross the BBB and exert a therapeutic effect, an orthotopic brain-tumor model was also used, and the biodistribution of DiD-labeled NK-Exo was measured after intravenous injection. The brains from mice were also collected for this ex vivo study.
nK-exo-Based immunotherapy and confirmation of side effects
The therapeutic effect of NK-Exo was determined using a tumor xenograft mouse model (n = 18). Briefly, mice were subcutaneously injected with 5 × 10 6 U87/MG/F cells. After 10 days, mice were intravenously injected with 100 µg of NK-Exo suspension in PBS every 2 days for 14 days. Moreover, the mice were treated with dextran sulfate to block scavenger receptor A (SR-A) and prevent uptake of NK-Exo into the liver, as reported previously (21) . Tumors were subjected to BLI every 3 days until 14 days after treatment, and ultrasound three-dimensional imaging (S-Sharp Corporation, New Taipei City, Taiwan) was performed to measure tumor volume. Ex vivo analysis was performed after 14 days. After sacrificing the mice, the tumors were subjected to BLI using an in vivo imaging system and their weights were measured. The body weight of the mice was determined every 4 days to confirm the long-term safety of NK-Exo treatment. The liver, lungs, spleen, and heart were harvested after all experiments and stained with hematoxylin and eosin to determine the side effects of in vivo NK-Exo treatment.
statistical analysis
All quantitative data are expressed as the mean ± SD. Student's t-test or one-way analysis of variance, followed by Scheffe's post hoc test, was performed for normally distributed data, while Mann-Whitney U test was performed for non-normally distributed data, using SPSS version 22.0 (SPSS, Inc., Chicago, IL, USA). Statistical significance was determined at p < 0.05.
resUlTs nK-exo Production and characterization
Natural killer -Exo were isolated by ultracentrifugation and purified by density gradient centrifugation. NK-Exo morphology was analyzed by TEM, size was determined by NTA and DLS, and purity was determined by western blotting. We observed that NK-Exo were round with a complete membrane structure and a size of ~100 nm ( Figure 1A) . Their size was further characterized and confirmed by NTA and DLS ( Figure 1B) . Western blot analysis indicated that NK-Exo contained typical exosomal proteins (CD63 and Alix) and lacked cellular proteins (GM130 and calnexin) ( Figure 1C) . These results indicated that NK-Exo lacking cellular proteins were successfully isolated from NK-cell culture medium by ultracentrifugation.
reporter-gene expression and activity in U87/Mg/F cells 
nK-exo cytotoxicity against glioblastoma cells
Natural killer-Exo cytotoxicity against glioblastoma cells was determined by culturing U87/MG/F cells with various NK-Exo concentrations; these cells were subjected to BLI at various time points. NK-Exo cytotoxicity was determined by analyzing the reporter-gene signal in U87/MG/F cells (Figure 2) . Our results showed that NK-Exo exerted cytotoxic effects toward 
nK-exo Uptake by Tumor cells
To investigate NK-Exo internalization, U87/MG/F cells were treated with DiD-labeled NK-Exo for 1 and 3 h. Confocal laser microscopy detected labeled NK-Exo in cancer cells as early as 1 h after incubation, and the number of exosomes in the cytoplasm of tumor cells increased in a time-dependent manner (Figure 3) .
effects of nK-exo on U87/Mg/F-cell apoptosis To determine the mechanism underlying NK-Exo-induced cancer-cell death, we performed western blot analysis to assess the levels of apoptosis-and cell-proliferation-related proteins ( Figures 5A and 6A represent the levels of apoptosis-and cell-proliferation-related proteins, respectively). Glioblastoma cells were incubated with NK-Exo for 24 h, and the levels of caspase-3, cleaved caspase-3, and cleaved PARP were estimated by western blotting. The results showed that cleaved caspase-3 levels were increased by 4.9-fold and cleaved PARP levels were increased by >10-fold in NK-Exo-treated tumor cells compared to that in untreated control cells (Figure 5B) . Moreover, western blot analysis showed that p-AKT levels decreased by 62% and p-ERK levels decreased by 44% in NK-Exo-treated tumor cells compared to that in untreated control cells (Figure 6B) . However, p38 and PTEN levels increased 1.7-and 37-fold, respectively (Figures 5B and 6B) , in NK-Exo-treated tumor cells relative to the control. These results indicate that NK-Exo promoted apoptosis and decreased the proliferation of glioblastoma cells. cytokine and Protein Quantification in nK-exo
We previously showed that NK-Exo contain the functional proteins FasL and perforin (22); however, the involvement of granzymes in perforin function has not been evaluated (4, 5, 39, 40) . We performed an ELISA to confirm the presence of granzyme B in NK-Exo, with the results confirming the presence of granzyme B in NK cells, NK-cell medium, and NK-Exo. In addition, granzyme B levels were higher in NK-Exo than in NK cells (p < 0.01) and NK-cell medium (p < 0.001) ( Figure 7A) . Moreover, we detected TNF-α, which is also present in NK cells and induces cytotoxic effects, in NK-Exo ( Figure 7B) ; we also detected perforin and FasL in NK-Exo (Figure 7C) , which is consistent with the previous results (22) .
Biodistribution and In Vivo specificity of nK-exo Toward glioblastoma
Both untreated mice and mice pretreated intraperitoneally with dextran sulfate (n = 7) were injected with DiD-labeled NK-Exo through the tail vein after 2 h, followed by FLI of NK-Exo both in vivo and ex vivo after NK-Exo injection ( Figure S3 in Supplementary Material). The results of in vivo analysis revealed that FLI signals were associated with NK-Exo mainly in the liver and spleen in both groups (with or without dextran sulfate). In addition, NK-Exo showed tumor-specific accumulation as early as 24 h postinjection, and FLI signals in the tumor persisted for >5 days ( Figure 8A) . Pretreatment with dextran sulfate significantly decreased NK-Exo uptake by the liver and spleen (p < 0.0001 and p < 0.05, respectively; Figures 8B,C) and increased their uptake by tumor tissue twofold relative to control mice not pretreated with dextran sulfate. Moreover, pretreatment with dextran sulfate prolonged NK-Exo retention in the tumor tissue (Figures 8A,C) . Because the BBB inhibits 98% of all methods potentially capable of improving the treatment efficacy in various central nervous system diseases (41-43), we investigated the ability of NK-Exo to cross the BBB. An orthotopic tumor model was successfully established, followed by injection of NK-Exo through the tail vein. Whole-mouse imaging showed a strong fluorescence 
inhibition of In Vivo Tumor growth by nK-exo
A schematic diagram of the in vivo experiments is shown in Figure 9 . Ten days after tumor challenge, mice were randomly divided into three groups (n = 6) and injected with 100 μg/150 μL NK-Exo or 150 µL PBS through the tail vein. Furthermore, mice were pretreated with dextran sulfate to inhibit the liver uptake of NK-Exo and enhance the therapeutic effect. BLI performed after seven NK-Exo injections showed significantly lower signals in NK-Exo-injected mice than in PBS-injected mice (p < 0.001; Figures 10A,B) . Moreover, pretreatment with dextran sulfate increased the immunotherapeutic effect of NK-Exo by inhibiting their liver uptake when compared to NK-Exo treatment alone (p < 0.01). In addition, tumor regrowth was observed 1 week after the final NK-Exo injection in mice treated with NK-Exo alone. In contrast, no tumor regrowth was observed, even at 2 weeks postinjection, in mice treated with NK-Exo + dextran sulfate (Figures 10A,B) . These results were consistent with those of biodistribution analysis, which showed NK-Exo retention in the tumor tissue for nearly 1 week; however, NK-Exo retention decreased after 5 days in mice treated with NK-Exo alone ( Figure 8A) . Previous studies have shown that ultrasound imaging provides reliable tumor-volume estimates in animals (44, 45) . Therefore, we performed ultrasound imaging after BLI to confirm our results. B-Mode images of the tumor were obtained using an ultrasound imaging system, and a three-dimensional morphology of the tumor was generated. The results of quantitative analysis showed that the volumes of tumors isolated from NK-Exo-alone-treated mice were twofold lower than those of tumors isolated from control mice (26.67 ± 3.16 vs. 57.31 ± 2.15 mm 3 ; p < 0.001; Figures 11A,B) . Moreover, higher antitumor effects were observed in mice treated with NK-Exo + dextran sulfate than in mice treated with NK-Exo alone (6.60 ± 4.23 vs. 26.67 ± 3.16 mm treatment group showed lower BLI signal. Ex vivo tumor weights were consistent with the results of ultrasound imaging ( Figure 12C) . Tumor weights for control mice were greater than twofold higher than those of mice treated with NK-Exo alone, and mice in the NK-Exo + dextran sulfate group had the smallest tumors. These results supported the results of in vivo BLI and ultrasound imaging and indicated the immunotherapeutic efficacy of NK-Exo. Moreover, these results indicated that treatment with an SR-A blocker inhibited liver uptake of NK-Exo and increased their therapeutic effect.
side effects associated With nK-exo
To confirm the safety of NK-Exo, we measured the body weights of mice and performed histological analysis of their vital organs. The body weights of mice treated with NK-Exo alone and NK-Exo + dextran sulfate remained unchanged, suggesting that NK-Exo did not exert any significant cytotoxic effects in mice; however, the body weight of control mice decreased with increasing tumor growth ( Figure 11C) . Histological analyses of the liver, spleen, lung, and heart tissue isolated from mice treated with NK-Exo alone, and NK-Exo + dextran sulfate were compared to those isolated from healthy mice, at 20× (Figure 13 ) and 40× magnifications ( Figure S5 in Supplementary Material). The results of histological analyses revealed no visible injuries in the liver, lung, spleen, and heart of mice treated with NK-Exo.
DiscUssiOn
In this study, we investigated the therapeutic effect of NK-Exo on a glioblastoma cell line using a reporter-gene system by performing CCK-8 and MTT assays in vitro and by subjecting the cells to BLI and in vivo ultrasound imaging. The mechanism underlying the antitumor effect of NK-Exo was determined by FACS and western blotting, the results of which indicated that NK-Exo induced tumor-cell apoptosis. Furthermore, ELISA detected cytokines present in NK-Exo and aided in the determination of their tumoricidal ability. Moreover, we determined the NK-Exo biodistribution following intravenous administration and their specificity toward glioblastoma in a xenograft mouse model by FLI.
Natural killer cells function as lymphocytes of the innate immune system and lyse infected cells and tumor cells without sensitization (40, 46, 47) . A previous study demonstrated that NK cell therapy is a less toxic alternative to chemotherapy and radiotherapy (48) . However, application of primary NK cellbased immunotherapy is limited in treating cancer because of patient variability in cell number and function, inhibition of cytotoxicity by tumors or the tumor microenvironment, and challenges in obtaining sufficient numbers of cells (49) . The alternative is to obtain cells from a healthy donor, which requires depletion of allogeneic T cells to prevent graft-versus-host reactions (50) . A potential option for overcoming these limitations is the use of a permanent NK cell line. In the current study, we used the human NK cell line NK-92MI. NK-92 is the only malignant permanent NK cell line that has been investigated in clinical trials and confirmed to be safe with no severe side effects (51) (52) (53) . However, NK-92 cells are highly dependent on cytokine interleukin-2, which exhibits toxicity and may cause capillary leak syndrome (54) . NK-92MI cells are not dependent on interleukin-2 and were shown to have an antitumor effect on glioblastoma in vivo (6) , making them more suitable for this study. Human NK cells are classified based on their surface expression of CD56 (neural cell adhesion molecule) and lack of CD3 (T-cell co-receptor), and can be categorized into two developmentally related, but functionally distinct, subsets based on relative CD56 expression: CD56 bright and CD56 dim (55) . NK-92 is characterized by the expression of CD56 bright and a low level of immunoglobulin G fragment crystallizable region (Fc) receptor (FcγRIII)-CD16, which is typical for a minor subset of NK cells in the peripheral blood (56) . However, the CD56 dim subset, which expresses maturity-related inhibitory receptors and high surface levels of CD16, as well as permits responses to antibody-opsonized targets, comprises 80-95% of peripheral blood NK cells (57) . Moreover, CD56 dim NK cells have a higher capacity to recognize and kill target cells, whereas CD56 bright NK cells show lower cytotoxicity toward cancer cells because they lack CD16 expression, indicating antibody-dependent cytotoxicity (57) . Moreover, NK-92 cells lost the production of interferon-γ, an important activator of macrophages and inducer of major histocompatibility complex class II (58) . However, except for these two mechanisms, NK-92 cells could biosynthesize and release granzyme B by secretory lysosomes according to Wang et al. (59) , which is consistent with the results of our previous study. Additionally, perforin was detected in NK-92 MI cells and their exosomes. Both granzyme B and perforin showed cytotoxicity toward tumor cells (31, 40, 60) . The CD56 bright subset possesses distinct chemokine and homing receptor repertoires and produces other cytokines such as TNF-α and granulocyte macrophage colony-stimulating factor unlike CD56 dim NK cells (40, 50) . These factors may partly explain the tumoricidal ability of NK-Exo; however, detailed studies of the mechanisms are needed to determine function of exosomes derived from NK cells.
In addition, given the differences in primary NK and NK-92MI cells, exosomes derived from these two cells should be compared. They may also have tumor activity; for example, some tumors express self-HLA, which binds to inhibitory killer immunoglobulin-like receptors to modify the primary NK cells (48) . They may also affect the exosomes derived from these cells and, therefore, primary NK cells from the patient should be studied. In conclusion, the biofunction and potency of exosomes derived from primary NK cells of both healthy donors and patients should be explored in the future.
Exosomes are nanovesicles released by cells in vitro into the culture medium and in vivo into the blood, urine, breast milk, saliva, and malignant effusions (14, 17, 20, 33, 61) . Exosomes deliver several molecules, including cytokines, protein, and lipids, to target cells (14, 22, 30, 62) and are approximately FigUre 9 | Scheme of in vivo experiments to assess the antitumor effect of natural killer (NK)-Exo. To confirm the in vivo therapeutic effect of the NK-Exo to the glioblastoma, the xenograft mice was established and randomly divided into three groups (n = 6). Phosphate-buffered saline, NK-Exo (100 μg), or NK-Exo combined with dextran was given to each group via intravenous route, respectively. The body weight and the BLI were measured up to 2 weeks after treatment, and at last, ex vivo tumor weight was also obtained. 100 nm in size, allowing their interaction with target and barrier cells (9, 25) , particularly in the brain (8) . Therefore, NK-Exo may represent suitable tools for glioblastoma immunotherapy.
Here, NK-Exo were isolated from NK-cell medium by ultracentrifugation and purified by density gradient centrifugation. NK-Exo morphology was determined by TEM ( Figure 1A) , and NK-Exo size and purity were measured by NTA and DLS as well as western blot analyses, respectively. NTA and DLS results indicated that NK-Exo ranged from 100 to 150 nm in size, and western blot analysis showed that NK-Exo expressed CD63 and Alix (Figure 1) , which are exosome marker proteins (9, 18, 24, 61) . The nano-size of exosomes allows them to act as passive therapeutic agents for treating various brain diseases (8, 10, 11) . Although exosomes have been extensively evaluated, this is the first study assessing their utility for treating glioblastoma.
The antitumor activity of NK-Exo was determined by BLI and cell-proliferation assays (CCK-8 and MTT assays), which showed that treatment with NK-Exo for 24 h decreased the number of tumor cells by 80% ( Figure S2 in Supplementary Material). This result is consistent with the FACS results, which showed that NK-Exo treatment decreased the number of living cancer cells by ~50% and increased apoptosis by greater than 13-fold (Figure 4) . The current standard NK cytotoxicity estimation method involves a 4-h assay with K562 as a target, enabling the calculation of 51Cr, which should be explored in future studies of NK-Exo. The tumoricidal effect of NK cells involves two major mechanisms: activation of the intrinsic apoptosis pathway, which is induced by perforin and granzymes via increased apoptosome formation and caspase-3 activation, and extrinsic apoptosis pathway, which involves caspase-8 and caspase-3 activation (6, 39, 60, 63) (Figure 5A) . To explore the mechanism underlying NK-Exo-induced cytotoxicity against tumor cells, we performed ELISA and western blotting, which showed that NK-Exo treatment increased the levels of cleaved caspase-3 and cleaved PARP ( Figure 5B ) and indicated that NK-Exo induced apoptosis-signaling pathways in tumor cells and initiated cell death. Our previous study showed that NK-Exo contain FasL and perforin (22) . In the present study, the ELISA results confirmed the presence of granzyme B and TNF-α in NK-Exo (Figure 7) , suggesting their ability to induce the intrinsic apoptosis pathway (31, 32, 60) .
Western blot results indicated that NK-Exo inhibited glioblastoma-cell proliferation by decreasing the levels of p-AKT and p-ERK (Figure 6B) , which is consistent with the results of our previous study (22) . Another study reported that MSCderived exosomes inhibit the growth of Lewis lung carcinoma by reducing p-ERK levels (24) . The tumor suppressor PTEN is negatively associated with the PI3K/AKT pathway and disrupts cell proliferation by reducing p-AKT levels (35, 36) . Moreover, p38 involved in the MAP kinase pathway participates in apoptosis by increasing cleaved caspase-3 levels (64) (65) (66) . The results of the present study showed that NK-Exo treatment decreased p-AKT (60%) and p-ERK (40%) levels and increased PTEN levels (37%), which inhibited the proliferation and induced the apoptosis of glioblastoma cells. Moreover, NK-Exo treatment increased p38 levels by 1.7-fold, which is consistent with the elevated levels of cleaved caspase-3 and cleaved PARP. These results suggest that NK-Exo induced glioblastoma-cell apoptosis, and that the mechanism underlying the antitumor effect of NK-Exo is related to both increased apoptosis and decreased proliferation of tumor cells. Although the ability of NK-Exo to kill cancer cells and related mechanisms were explored, further studies are needed to confirm the cytotoxic effects of NK-Exo on primary tumors.
The therapeutic effect of NK-Exo against glioblastoma can be improved by understanding the associated in vivo kinetics.
We previously found that breast cancer-cell-derived exosomes are predominantly distributed in the lungs, a frequent site of metastasis, and directly suppress T cell proliferation and inhibit NK-cell cytotoxicity (67) . However, Wiklander et al. (68) showed that the in vivo biodistribution of exosomes is associated with the parent cell source, administration routes, and specificity. For example, unlike breast cancer-cell-derived exosomes, which are mainly distributed in the lungs, dendritic cell-derived exosomes typically accumulate in the liver (68) . Although immunotherapy using exosomes has been extensively evaluated (10, 27, 31, 32) , the number of studies tracking the in vivo distribution of exosomes (24, 69) , particularly that of immunecell-derived exosomes (22, 31, 32) , is very limited. However, the hypothesis that immune-cell-derived exosomes can be used for targeting and treating cancers is gaining attention. This is the first study to report the biodistribution of NK-Exo, which can be used as a basis for developing NK-Exo-based treatment strategies.
The mononuclear phagocyte system plays a major role in clearing systemically delivered exosomes, thereby introducing major barriers to exosome-based therapy (68, 70) . Tissue macrophages in the liver and spleen are major components of this system (71) , and the results of our study showing accumulation of DiD-labeled NK-Exo in the liver and spleen revealed that NK-Exo are mainly cleared by the mononuclear phagocyte system (Figure 8) . A previous study found that the use of dextran sulfate, which inhibits SR-A-family proteins, dramatically decreases the liver uptake and increases the circulation time of exosomes to enhance their accumulation at target sites in vivo (21) . In the present study, we assessed the spatial and temporal distribution of NK-Exo in both untreated and dextran sulfate pretreated-cells by FLI. In contrast to previous results the exosome started to decrease after 48h, we found the NK-Exo could be detected in the liver, lung and spleen even after 7 days (Figure 8) . However, NK-Exo accumulated in the tumor tissue at 24 h; this accumulation is consistent with the results of Watson et al. (21) . The results of FLI analysis performed in the present study to determine the biodistribution of DiD-labeled NK-Exo showed the same trend. Intravenous administration of NK-Exo is an ideal route for cancer treatment, as it is feasible in patients with multiple or disseminated metastases or with metastatic lesions at sites where direct injection cannot be performed (67, 72) . Therefore, various therapeutic agents are commonly intravenously injected under different clinical conditions. However, the therapeutic effect of new therapeutic agents in preclinical animal studies is verified by their intratumoral injection (24, 68, 73) .
Aggressive treatment can result in serious damage to various organs, such as the liver, heart, lung, intestine, skin, and hematopoietic system, limiting the maximal permissible intensity of treatment and possibly resulting in poor overall survival (74) . NK-cell-based treatment is currently being used to treat various incurable malignancies; however, it is associated with significant side effects (54) . In the present study, NK-Exo cytotoxicity in mice was determined by measuring their body weight every 4 days until the mice were sacrificed. NK-Exo-treated mice did not show a significant loss of body weight relative to control mice, which showed cachexia because of tumor growth ( Figure 11C) . Moreover, histological analysis of the vital organs of NK-Exo-treated mice showed that NK-Exo treatment did not exert significant pathological effects (Figure 13 ; Figure S5 in Supplementary Material). Currently, immunotherapy with NK cells is performed using autologous and allogeneic methods. To determine the effects of systemic administration of NK-Exo on the vital organs of mice (n = 18), the liver, lung, spleen, and heart of NK-Exo-treated mice were harvested on day 29, embedded in paraffin, sectioned, and histologically analyzed. Healthy mice (n = 3) not treated with NK-Exo were used as controls.
For autologous treatment, NK cells are expanded ex vivo to achieve clinically relevant numbers because of the low number of NK cells in the peripheral or cord blood (60) . In contrast, a limited number of NK cells are available for allogeneic treatment because of the lack of donors and requirements for blood-type matching, preventing widespread use of allogeneic NK-cell therapy in oncology clinics (49, 50, 54) . Recently, Jong et al. (18) developed a relatively simple and cost-effective method for isolating exosomes from human NK cells on a large scale (18) . Moreover, exosome therapy is more advantageous than cell therapy because of the small size of exosomes, which allows them to cross various physiological barriers that cannot be crossed by cells (10, 11, 32, 61, 75, 76) . These advantages support the use of NK-Exo as a promising therapeutic tool for treating cancer.
In addition to the innate tumoricidal activity of NK-Exo, exosome therapy can be potentiated through combinatorial use with other therapeutic options. For example, modification of milk-derived exosomes with paclitaxel may increase the aqueous solubility of paclitaxel, efficacy of drug delivery, and efficiency of crossing biological barriers. Moreover, some exosomes can cross the BBB (e.g., macrophage-derived exosomes) and have been successfully used to treat neurodegenerative disorders (11, 17, 69) . Exosomes can be loaded with cytokines and miRNAs in addition to chemotherapeutic drugs (27) . Dendritic cell-or ascite-derived exosomes loaded with granulocyte/macrophage-colony stimulating factor can be used to treat breast and colorectal cancer, and MSC-derived exosomes loaded with miR-133b, miR-146b, and miR-9 can be used to treat various cancers (10, 16, 25, 77) .
The current clinical applications of exosome research can be categorized into three categories: (1) exosomes as therapeutic agents, (2) exosome-based immunotherapy, and (3) exosomemediated delivery. Moreover, based on the data in the clinical trials database at the National Institute of Health (http://clinicaltrials.gov), there are several ongoing exosome-based clinical trials that are anticipated to improve survival outcomes for oncological diseases in the near future (62, (76) (77) (78) . Currently, classic chemotherapeutic drugs function by inducing DNA damage either directly or indirectly. However, tumor cells disrupt their cell cycle checkpoints during tumorigenesis and cannot arrest the cell cycle for a prolonged period, making them resistant to chemotherapy. In addition, prolonged or highly aggressive treatment often results in damage to normal cells in the intestine, skin, and hematopoietic system (74, 79) . A previous study suggested that exosomes secreted from monocytes and macrophages can be used to avoid entrapment in mononuclear phagocytes, thereby enhancing the delivery of incorporated drugs to target cells. To this end, a previous study reported the development of a new exosome-based drug-delivery system for treating Parkinson's disease (11) .
Natural killer (NK)-Exo showed strong antitumor activity toward glioblastoma cells both in vitro and in vivo. Moreover, these exosomes can be loaded with other anticancer agents capable of enhancing their antitumor effect and tumor specificity, or to promote their passage through the BBB. However, additional studies should be performed to confirm and enhance the therapeutic efficiency of NK-Exo for treating incurable glioblastoma and promote the application of NK-Exo therapy in clinical settings.
cOnclUsiOn Natural killer (NK)-Exo exerted innate therapeutic effects on glioblastoma both in vitro and in vivo and dextran sulfate pretreatment enhanced the in vivo therapeutic effect of intravenously injected NK-Exo. The in vivo kinetics of intravenously injected NK-Exo in the mouse model were successfully monitored by fluorescence imaging, which confirmed the specificity of NK-Exo toward glioblastoma. Moreover, the tumor specificity of NK-Exo was enhanced by blocking SR-A through dextran sulfate pretreatment. Therefore, our results suggest that NK-Exo is a new and promising therapeutic agent for treating incurable glioblastoma.
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